The diets of laboratory rats were isotopically and nutritionally manipulated using purified C 3 and/or C 4 macronutrients to investigate the routing of dietary carbon to bone collagen biosynthesis. Diets were formulated with purified proteins, carbohydrates and lipids of defined composition and natural abundance stable isotope ratios. Bulk protein and constituent amino acid d
Stable isotope analysis is a powerful tool with which metabolic pathways such as biosynthesis and degradation, and their net balance, i.e. rate of turnover, can be traced on the whole body to the compound-specific level. Not only can metabolic insights be gleaned through labelled (Atasoglu et al. 2004; Guillet et al. 2004; Wu et al. 2004) and natural abundance studies (Morrison et al. 2000; O'Brien et al. 2002; Jim et al. , 2004 Ayliffe et al. 2004) , but also through monitoring intra-molecular natural abundance stable isotope values (Brenna, 2001; Savidge & Blair, 2004) . Its application in ecological and palaeoecological investigations (Gannes et al. 1998; Bocherens & Drucker, 2003; Lee-Thorp et al. 2003 ) demands a rigorous understanding of the isotopic relationship between diet and consumer tissues, i.e. knowledge of the biochemistry underpinning the adage that 'you are what you eat, plus or minus a few per mil'. Controlled diet experiments and well-controlled natural diet observations have established that bone collagen d C COLL 2 d13C WDIET < 5‰). Early studies of the isotopic composition of tissues of wild and laboratory-reared animals have provided broad insights into the factors that influence the isotopic fractionations observed between diet and consumer tissues (DeNiro & Epstein, 1978; Krueger & Sullivan, 1984; Chisholm, 1986; Tieszen & Boutton, 1988; Lee-Thorp et al. 1989; Ambrose, 1993) . However, many experiments showed substantial deviations in D
13
C COLL-WDIET away from this 5‰ value. Explanations for the variation in 13 C between whole diet and bone collagen have focused on the extent to which differences in whole diet and dietary protein carbon isotopic composition control bone collagen d 13 C values. Two controlled diet studies (Ambrose & Norr, 1993; Tieszen & Fagre, 1993) showed that D 13 C COLL-WDIET could be systematically varied from approximately 2 2‰ to 10‰ by changing the d 13 C value of dietary protein relative to that of the whole diet (D 13 C PROT-WDIET ) . These experiments demonstrated that the bulk d 13 C value of bone collagen tracked that of dietary protein rather than whole diet. Therefore, collagen d 13 C value largely reflects that of dietary protein (Ambrose & Norr, 1993; Tieszen & Fagre, 1993) . Greater than expected levels of routing (direct absorption) of dietary protein carbon to consumer bone collagen, compared to that defined by the proportion of its essential amino acids (AA) (Fuller & Garlick, 1994; Reeds, 2000) , was observed. This excess indicated that some non-essential AA must have also been absorbed from the diet rather than synthesised de novo using non-protein carbon. The degree to which each non-essential AA behaves like an essential AA cannot be determined by bulk isotopic analysis of dietary protein and consumer tissues. Compound-specific isotopic analysis of dietary macronutrients and consumer tissue AA is necessary to address this question.
Collagen contains eighteen AA, predominantly glycine, proline and hydroxyproline. Essential AA and those with essential precursors comprise approximately 18·5 -21·7 % of collagen carbon atoms (Francois & Glimcher, 1967; Ambrose, 1993; Schwarcz, 2000) . Isotopic analysis of individual AA show that collagen AA d 13 C values can differ by up to 27‰ (Tuross et al. 1988; van Klinken, 1989; Hare et al. 1991) . This variation at the molecular level is masked when dietary reconstructions are based on bulk collagen isotopic determinations. In order to develop a fundamental understanding of the relationship between the d 13 C values of diet and bone collagen, d
13 C values must be determined at the AA level, and their metabolic and biosynthetic relationships assessed. Recognising this, Hare et al. (1991) investigated the d
C values of bone collagen AA of pigs raised on controlled diets. A wide range of d
C values was observed for these AA and this was attributed to their differing metabolic pathways. However, questions still remained regarding the exact relationship between different dietary macronutrients and the d 13 C values of the building block AA in bone collagen. Hare et al. (1991) utilised diets in which the dietary macronutrient fractions were not isotopically distinct. Therefore it was not possible to trace and quantify the incorporation of carbon from different dietary macronutrients into bone collagen, i.e. the neosynthesis of non-essential AA from non-protein precursors could not be determined. We describe herein the results of an investigation carried out on rats using natural abundance, isotopically distinct but nutritionally identical formulated diets. Crucially, this experiment included diets where dietary protein and non-protein macronutrients had distinct carbon isotopic compositions, which permitted us to trace their differing contributions to bone collagen biosynthesis. Our aim was to qualitatively and quantitatively assess the dietary macronutrients utilised in the biosynthesis of bone collagen via the compound-specific determination of the d
C values of AA from the diet and bone. As far as we are aware, this represents the first attempt to make such a determination for a mammalian protein using dietary macronutrients that differ naturally in their stable carbon isotope ratios.
Materials and methods

Experimental animals
The rat tissues and diets provided for analysis derived from a larger programme of isotopically controlled feeding experiments undertaken at the University of Illinois. Holtzman albino rats were raised on a variety of isotopically distinct, purified and pelletised diets in which the proportions of protein, starch, sucrose and oil were varied. The diets were prepared from purified C 3 or C 4 foodstuffs and the isotopic C and N compositions of the dietary components were precisely characterised. Diet compositions and their carbon isotope values are presented in Table 1 . Female Holtzman albino rats were placed on the diet that their offspring would consume 1 d after insemination. Birth occurred 21 d later, and weaning began 21 -23 d thereafter. Male and female pairs were killed at 91, 131 and 171 d after birth. In the present study, eight rats, two each from four distinct diets (Table 2) , were randomly selected for stable carbon isotope analysis of individual AA.
Bulk d
13
C analysis of whole diet, dietary macronutrients and bone collagen
Bulk d
13 C measurements and bone collagen isolation procedures are summarised here and described in detail in Ambrose and Norr (1993) . Lipids were extracted from clean ground bone using petroleum ether and discarded. Collagen was extracted by demineralisation with 0·1 M-HCl, treated with 0·125 M-NaOH, solubilised at 958C and freeze-dried. Whole diet, dietary macronutrients and bone collagen were combusted at . 8008C with Cu, CuO and Ag foil in evacuated sealed quartz tubes. CO 2 was cryogenically distilled off-line, and analysed on dual inlet isotope ratio mass spectrometers at the Anthropology Department, University of Illinois (Nuclide 6-60 RMS) or the Illinois State Geological Survey (Finnigan MAT Delta E).
Isolation of amino acids from diet and bone
Bone collagen and diets were ground to a powder, solvent extracted, frozen and then freeze-dried. To determine the isotopic composition of individual AA, approximately 1-2 mg of sample was hydrolysed as described previously (Docherty et al. 2001; Howland et al. 2003; . Briefly, 6 M-HCl was added to the sample (500:1, v/w) and heated to 1008C under vacuum for 24 h.
Compound specific stable carbon isotope analysis
The carbon isotope compositions of individual AA were obtained by gas chromatography/combustion/isotope ratio mass spectrometry (GC/C/IRMS). AA were derivatised to trifluoroacetyl isopropyl esters following the method of 
* Energy comprises the non-protein components of diet. Macko et al. (1997) . GC/C/IRMS analyses were performed using a HP 6890 gas chromatograph coupled to a Finnigan MAT DELTA plus XL isotope ratio monitoring mass spectrometer via a Finnigan MAT GC III combustion interface (electron ionisation 100 eV; three Faraday cup collectors m/z 44, 45 and 46; CuO/NiO/Pt combustion reactor set to 9408C; Cu reduction reactor set to 6008C). The following GC conditions were used: column: ZB5 (60 m £ 0·32 mm £ 0·25 mm); injector temperature: 2008C; temperature programme: 408C (1 min) to 708C at 108C min 21 , then to 1708C at 38C min 21 , then to 2508C at 158C min 21 and then hold isothermally for 15 min. Standardisation of runs was achieved using six aliquots of CO 2 gas of known d 13 C value, which were injected directly into the ion source. Three pre-derivatised trifluoroacetyl methyl ester AA (alanine, phenylalanine and lysine) of known d 13 C value were employed as co-injected secondary standards. Data were collected and processed using Finnigan MAT Isobase software. Triplicate GC/C/IRMS analyses were carried out on each sample and measured AA d 13 C values were corrected for the addition of derivative carbon and its associated kinetic isotope effects via the use of correction factors (Docherty et al. 2001) . Errors associated with these calculations varied from^0·6 tô 1·5‰ depending on the AA. 
Results and discussion
Bulk diet and bone collagen stable isotopic composition
Whole diet, protein, non-protein and bone collagen d 13 C values of all animals raised on these four diets are shown in Table 2 (individuals that were randomly selected for the AA study are indicated). Intra-group variations in bone collagen d
13
C values for animals raised on the same diets ranged from 0·3 to 0·7‰ (analytical precision ¼^0·1‰). These data show that inter-individual variance in isotopic composition of animals raised on the same diet is small. Differences between bone collagen and whole diet d WDIET , are also listed. These were found to vary substantially between diets, from 2 2·0 to þ10·2‰.
Mass balance calculations
Measured AA constitute twelve out of the eighteen AA or 83·8 % of the carbon in bone collagen (collagen AA composition from Francois & Glimcher, 1967) . Thus, the accuracy of individual collagen AA d
13 C values can be tested via the calculation of corresponding bulk collagen d 13 C values using mass balance calculations as follows:
where A i ¼ AA d 
9·8 ‡ C values of the two animals raised on these diets are presented in Fig. 2(a) . Ranges of approximately 18 and 21‰ are observed in the d
13
C values of diet and collagen AA, respectively, which are comparable to those reported previously (Tuross et al. 1988; van Klinken, 1989; Hare et al. 1991) . Incorporation of the isotopic signal from dietary AA to bone AA can be clearly seen resulting in small and largely insignificant isotopic differences (D 13 C bAA-dAA ¼ d (Table 3) . Non-essential AA can be biosynthesised by the body from a variety of different carbon sources, as well as being incorporated directly from the diet. However, as these diets have similar protein and energy macronutrient d (Fig. 2(b) ), enriched d
C values are shown for alanine, glycine, proline, aspartate and glutamine reflecting the contribution of dietary C 4 carbon from the non-protein or energy macronutrients to the biosynthesis of these AA in collagen. The same energy macronutrient carbon contribution is also reflected in the collagen AA of animals raised on the C 4 protein and C 3 energy (C4P/C3E) diet (Fig. 2(c) ), resulting in more depleted d
C values for all of the same AA mentioned earlier, except for proline. As expected for both of these diets, the d 13 C values of essential AA in collagen, isoleucine, leucine and phenylalanine were shown to reflect those in the diet with only one exception, where D
C bAA-dAA ¼ 24·9 (^1·7) ‰ for leucine from the C4P/C3E diet. Essential AA comprise 21·7 % of the carbon in collagen (collagen AA composition from Francois & Glimcher, 1967) and cannot incorporate any of the dietary energy macronutrient carbon isotope signal. With the exception of leucine, statistically identical d 13 C values were observed for diet and bone collagen essential AA, indicating that no detectable fractionations occurred as a result of transport and/or assimilation (Table 4 ). In contrast to the pure C 3 and pure C 4 diets, much larger D
C bAA-dAA values are demonstrated for the non-essential AA for the animals raised on these mixed C 3 /C 4 diets. The largest D
C bAA-dAA values were observed for alanine where D
C bAA-dAA was equal to 17·0 (^2·5) ‰ and 219·7 (^2·2) ‰ for the C3P/C4E and C4P/C3E diets, respectively.
Relationship between bulk whole diet and bone collagen d
C values
The compound specific d 13 C values of diet (whole diet, protein and energy) and bone (cholesterol, collagen and apatite) constructed from this feeding experiment suggest that 5 % , %prot threshold , 12 % (Jim, 2000) . Since these diets comprise 20 % protein, there would have been an excess of the amount required for net growth and tissue turnover. Therefore, routing of non-essential AA directly from the diet is likely to occur because in terms of the conservation of energy, this is more efficient than de novo synthesis. In fact, an estimate of the amount of routing of dietary to bone collagen AA that can be expected when the diet supplies an excess of each AA is approximately 65 % (Ambrose et al. 1997) . The amount of routing in the controlled diet experiments reported by Ambrose and Norr (1993, figure 5 ) is 52·3 %. 
Qualitative estimation of dietary carbon to bone collagen biosynthesis
The relationship between diet and bone AA d
13
C values was investigated further using linear regression. Table 4 summarises the R 2 and P values observed between each diet and bone AA, and significant correlations where P, 0·05 are underlined. Not surprisingly, all the essential dietary AA d
C values correlate well with those in bone collagen (0·69 , R 2 , 0·96 and 0·0106 , P, 0·00002). This was also shown to be true for proline (R 2 0·99, P,0·001) and a significant although somewhat poorer correlation was demonstrated for glycine (R 2 0·58, P, 0·05). The present findings provide direct evidence for the routing of the essential AA from the diet to bone collagen. Although proline is traditionally categorised as a non-essential AA, it has been shown to be essential in growing mammals ('conditionally essential'; Ball et al. 1986; Chung & Baker, 1993) and the data presented herein represents the first natural abundance stable isotopic evidence for the direct incorporation of proline from the diet into bone collagen. The present findings also show that bone collagen glycine d
C values are significantly affected by dietary values, again providing evidence of direct routing from the diet. In contrast, the low R 2 (, 0·41) and high P values (. 0·05) demonstrated for the remaining nonessential AA, alanine, aspartate and glutamine, indicate that de novo synthesis dominates over the direct incorporation of these AA from the diet to collagen.
Quantitative estimation of dietary carbon to bone collagen biosynthesis
Greater insight into the extent of routing of dietary AA into bone AA can be gleaned from plotting D 13 C bAA-WDIET fractionations against their corresponding
C whole diet ). We focus here on the R 2 values and slopes of the 'double delta' regression equations in Fig. 3 to interpret diet-to-bone collagen AA relationships. R 2 values ranged from 0·76 to 0·98 (P, 0·05), showing that these relationships correlated well to very well with each other. We interpret the slopes observed for each AA as roughly equivalent to the proportion of carbon routed from dietary protein to that AA. With lower R 2 values, the accuracy of estimation of routing using the slopes of these regressions 
* For procedures and diet composition, see Materials and methods and Table 1 . † C3, pure C 3 diet; C3P/C4E, C 3 protein/C 4 energy diet; C4, pure C 4 diet; C4P/C3E, C 4 protein/C 3 energy diet. ‡ Differences between bone collagen (d 13 C bAA ) and diet (d
declines. Significant differences in the slopes of these regression lines are observed, demonstrating the varying degrees to which D 13 C bAA-WDIET fractionations depend on the difference between dietary AA and whole diet d 13 C values. Slopes close to unity are observed for the essential AA (isoleucine, leucine and phenylalanine) and for conditionally indispensable proline, and this can be interpreted as indicating that almost all of the carbon atoms in these bone collagen AA are derived from the corresponding dietary AA, reflecting their direct incorporation. The deviation from unity in slopes for isoleucine and proline appear to be due to single outliers. Lower slopes and R 2 values are shown for glycine and aspartate corresponding to routing estimates of 42 and 28 %, respectively. In total, an estimate of the routing of non-essential AA is equal to 29·6 % of the carbon in collagen. However, given the low R 2 for these regressions, accurate estimation of routing of non-essential AA will require the analysis of larger numbers of individuals on different diets. When the contribution of carbon from the essential AA is also considered, we arrive at an overall minimum estimate of 51·3 % routing of dietary AA carbon into bone collagen. This value compares well to 65 %, which was postulated for animals raised on diets with greater than 12 % protein (Ambrose et al. 1997) . It also compares well with the estimate of 52·3 %, derived from the slope of the regression of D
13
C COLLAGEN-WDIET against D
C PROTEIN-WDIET for seven litters of rats in a larger study (Ambrose & Norr, 1993, Fig. 5 ) from which our samples for isotopic analysis of AA were drawn.
Summary
Stable carbon isotope analysis of tissue biochemical fractions at the molecular level reveals information that is hidden within bulk isotope values and thus allows the study of the finer details of metabolic pathways and biochemical processes that underpin tissue formation. The use of naturally labelled rather than enriched stable isotope-or radioisotope-labelled nutrients significantly reduces costs and risks of contamination, and simplifies the design of controlled diet experiments. Isotopic analysis of the individual AA of diets and consumer tissue proteins permits us to identify the AA in which routing is concentrated, and thus to determine the degree to which non-essential AA behave like essential AA. This may provide a useful tool for investigating changes in AA metabolism during growth, nutritional stress and other metabolic stresses.
The present investigation has shown for the first time using a natural abundance stable isotope approach that it is possible to estimate qualitatively and quantitatively the routing and neosynthesis of individual AA from different dietary macronutrients into bone collagen. Our results support the new tripartite division of AA into indispensable (essential), conditionally indispensable (conditionally essential) and dispensable (nonessential) AA (Young & El-Khoury, 1995; Reeds, 2000) and show that the routing of carbon from dietary protein to bone collagen is higher in AA that are now classified as conditionally indispensable or conditionally essential. Conditionally indispensable AA are those whose endogenous neosynthesis is inadequate to sustain normal growth rates or recovery from illness or injury when they are absent from the diet (Young & El-Khoury, 1995; Reeds, 2000) . Such AA require a greater number of energetically expensive steps for their synthesis de novo (Voet & Voet, 1995) . We postulate that on low-protein diets, where protein and non-protein d
13
C values differ and the amount of protein is below the threshold of the minimum AA requirements, that non-essential collagen AA d 13 C values will become increasingly dissimilar to essential AA values as more non-protein carbon is required for their synthesis de novo. In other words, we expect more neosynthesis of the conditionally indispensable AA when the dietary protein source is insufficient. Conversely, on high-protein diets, we can expect that non-essential collagen AA d 13 C values will become increasingly 'similar' to essential AA values as more non-essential AA are routed directly from the diet. However, these variations in the isotopic relationship between non-essential and essential AA must be distinguishable from their natural isotopic relationships which are due to differences in their biochemical pathways. These hypotheses will be the subject of future studies of animals raised on low-and high-protein diets. If their potential is realised, we may be able to gain qualitative and quantitative insights into the type of protein present in the diet of modern and fossil animals. 
